High performance soft magnetic alloys are used in solenoids in a wide variety of applications. These designs are currently being driven to provide more margin, reliability, and functionality through component size reductions; thereby providing greater power to drive ratio margins as well as decreases in volume and power requirements. In an effort to produce soft magnetic materials with improved properties, we have conducted an initial examination of one potential route for producing ultrafine grain sizes in the 49Fe-49Co-2V alloy. The approach was based on a known method for the production of very fine grain sizes in steels, and consisted of repeated, rapid phase transformation cycling through the ferrite to austenite transformation temperature range.
The results of this initial attempt to produce highly refined grain sizes in 49Fe-49Co-2V were successful in that appreciable reductions in grain size were realized. The as-received grain size was 15 µm with a standard deviation of 9.5 µm. For the temperature cycling conditions examined, grain refinement appears to saturate after approximately ten cycles at a grain size of 6 µm with standard deviation of 4 µm. The process also reduces the range of grain sizes present in these samples as the largest grain noted in the as received and treated conditions were 64 and 26 µm, respectively. The results were, however, complicated by the formation of an unexpected secondary ferritic constituent and considerable effort was directed at characterizing this phase. The analysis indicates that the phase is a V-rich ferrite, known as ! 2 , that forms due to an imbalance in the partitioning of vanadium during the heating and cooling portions of the thermal cycle. Considerable but unsuccessful effort was also directed at understanding the conditions under which this phase forms, since it is conceivable that this phase restricts the degree to which the grains can be refined. Due to this difficulty and the relatively short timeframe available in the study, magnetic and mechanical properties of the refined material could not be evaluated. An assessment of the potential for properties improvement through the transformation cycling approach, as well as recommendations for potential future work, are included in this report.
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INTRODUCTION
High performance soft magnetic alloys are used in solenoids in a wide variety of applications. Currently, these designs are being driven to provide more margin, reliability, and functionality through component size reductions; thereby providing greater power to drive ratio margins, as well as decreases in volume and power requirements. The primary material used for soft magnetic applications is the 49Fe-49Co-2V alloy Hiperco 50A (Hiperco is a registered trademark of Carpenter Technology Corporation, Reading PA). This alloy has historically demonstrated difficult machining and very low ductility when heat treated to maximize magnetic properties. The combination of difficult fabrication and poor mechanical properties makes the trend toward smaller electromechanical components problematic because brittle behavior affects fabrication, handling, and shock performance. More importantly, recent prototypic advanced development small stronglinks have displayed poorly performing solenoids, and design analysis indicated that substandard magnetic properties were likely the cause. Metallurgical analysis, using comparisons with larger solenoids that performed as expected, showed only a difference in grain size, but these could not be directly correlated with the reduced magnetic performance. Literature evaluations revealed critical gaps in knowledge concerning the relationships between microstructure and magnetic properties, so the current focus on decreasing component size is even more tenuous. In spite of their apparent chemical simplicity, heat treatment of these alloys is extremely complex and affects grain size, solid state phase transformations, ordering reactions, precipitation reactions, magnetic domain size, residual stress, impurity content, and crystallographic texturing. All these microstructural features interact in a non-linear, poorly understood, and often contradictory manner to control the magnetic and mechanical properties.
In a separate project, we are also exploring conventional heat treating approaches to improving properties and minimizing variability and uncertainty in 49Fe-49Co-2V. In the work reported here, we have attempted to produce and evaluate novel microstructures that can conceivably provide dramatic and quantum improvements in key properties. In particular, an attempt has been made to develop highly refined grain sizes . The basis for these enhancements is that ultrafine grain size materials have been shown to demonstrate interesting magnetic and mechanical behavior. For grain sizes smaller than the minimum domain size, the field required to reach magnetic saturation is significantly reduced. For example, it has been shown that Ni particles smaller than the minimum domain size reach saturation at fields that are about 25% of those required for larger grain sizes [Ref. 1] . This, of course, provides an immediate application advantage in that smaller windings or lower power will be required, or alternatively, greater drive torque margin can be derived at similar power. In turn, these provide greater system margin and decreased uncertainty. Further, when some metals are plastically deformed a subgrain structure and residual stress are developed [Ref. 2] . This stress causes a uniaxial magnetic anisotropy with the easy axis of magnetization parallel to the deformation axis. The aligning of the easy magnetization directions has been shown to increase the torque when strained materials are tested in a magnetometer. We have thus initiated an exploration into how these phenomena may be exploited in 49Fe-49Co-2V, and the key feature of the approach is to attempt to identify a basis for microstructural design (grain size) that is far removed from that used in conventional soft magnetic materials. Similarly, since mechanical failure in these alloys is typically by grain boundary failure, significant improvements in ductility are expected to be realized through grain size refinement and nano processing. The goal was to assess methods to produce material in previously unexplored regions of microstructural "space" where dramatic improvements in properties are likely. Moreover, ultra-fine microstructural features are expected to be relatively insensitive to part size over a wide range of part sizes. The major risk in this concept is determination of the most suitable and feasible means for production of bulk ultrafine grained material. Possible routes to bulk ultrafine or nano-crystalline grain size include Equal Channel Angular Pressing (ECAP), friction stir processing, and solid state phase transformation cycling. Because ECAP and friction stir processing would all require substantial investments in time and resources, solid state phase transformation cycling was the focus of the current five month duration feasibility study.
Phase transformation cycling is a well known method for refining the grain size of iron based alloys [Ref. 3] . As shown in Figure 1 , rapid cycling of steels between the high temperature face centered cubic austenite phase and the body centered cubic ferrite low temperature phase results in decreasing grain size as a function of the number of cycles. For the example shown, from a starting grain size of ASTM 6 (on the order of 40 !m), a very fine grain size of ASTM No. 12 (roughly 5 !m) was achieved within four transformation cycles. Although not steels per se, 49Fe-49Co-2V alloys are similar in that they transform to austenite at high temperature while ferrite is the stable phase at low temperatures. As a result, it was expected that phase transformation cycling would be an effective means to refine the grain size of 49Fe-49Co-2V alloys. No references regarding transformation cycling of 49Fe-49Co-2V or similar alloys were found.
If the approach is feasible and effective, it is certainly conceivable that the results of this work could be implemented in a relatively short timeframe. For example, many typical components are small, and thus production size quantities could conceivably be thermal cycled by using available induction heating methods, and this would not require a large infrastructure development program. Given the size of typical magnetic components, it is expected that if effective, transformation cycling could be used to produce raw materials for real parts and applications.
Extensive microstructural characterization, including optical and scanning electron microscopy (SEM) coupled with electron diffraction to determine grain size, crystal structure, and crystallographic texture was used to guide the refinement experiments. Ultimately, once material with a suitable ultrafine grain structure has been produced and characterized microstructurally, this work will form the basis for more intensive follow-on development. This development would include magnetic and mechanical properties measurements to assess the efficacy of the grain refinement toward achieving new and expanded uses for the 49Fe-49Co-2V alloy.
EXPERIMENTAL PROCEDURES
Materials
The materials used in this investigation were two heats of 49Fe-49Co-2V (Hiperco 50A). The materials were obtained from war reserve (WR) stores at the Honeywell Federal Manufacturing Technologies -Kansas City Plant (FM&T-KCP) and are therefore representative of typical materials used for WR components and production. Material was in the form of 2.54 cm round bar in the mill processed (hot rolled and ground) condition. The compositions of the two heats are shown in Table 1 . 
Grain Size Refinement Procedures
Transformation Temperatures
All thermal cycling experiments were conducted by using a Gleeble 3500 thermal-mechanical simulator. In this apparatus, 6.35 mm diameter rod samples were resistively heated under computer control while the sample diameter is continuously monitored by means of a laser extensometer. The freespan (length between water cooled copper jaws holding the test sample) was 19 mm. In order to determine the on-heating and on-cooling transformation temperatures initial experiments were conducted at a variety of heating and cooling rates from 2 to 50 °C/sec. The range of experimental conditions for the transformation temperatures are shown in Figure 2 .
Balanced heating and cooling rates, along with a 60 sec hold at the peak temperature of 1050°C were used. As shown in Figure 3 , on-heating critical temperatures (start and finish of ferrite to austenite transformation, A c1 and A c3 ), and on-cooling critical temperatures (start and finish of austenite to ferrite transformation, A r3 and A r1 ) were determined graphically as the initial deviations from, or the approach to, local linear expansion or contraction on the strain versus temperature records. 
Grain Refinement Temperature Cycling
The temperature limits used in the grain refinement temperature cycling experiments were selected based on the results of the critical temperature measurements and are shown in Table 2 . Also shown are the heating and cooling rates used in the cycling. Balanced heating and cooling rates were generally used. Heat 87456 was used for the cycling experiments. 970  825  5  10  10  10  985  825  5  10  10  10  1000  825  5  10  10  10  970  825  10  10  10  10  970  825  20  10  10  10  1000  825  20  10  10  10  1000  600  20  10  10  10  970  600  20  10  10  10  950  600  20  10  10  10  945  600  20  10  10  10  948  600  20  10  10  10  925  825  20  40  40  40  970  825  10 In addition to the 6.35 mm diameter rod samples, limited initial thermal cycling experiments were conducted on large diameter hollow cylinders. These experiments were conducted in anticipation of the eventual need (assuming successful grain refinement) for magnetic properties determinations, and were therefore designed for provide a means for removal of magnetic core test samples as well as subscale mechanical test samples. A number of sample configurations were evaluated, with the most successful shown in Figure 4 . Various compression loads were used, with 1000 lb showing the most repeatable and uniform circumferential heating. 
Metallographic Analysis Procedures
The primary methods used for analysis of the refinement experiments were optical and electron microscopy. Light optical metallography was conducted on polished samples by using standard metallographic procedures. Electron backscattered diffraction (EBSD) was used to determine grain size, crystallographic orientation and texturing, and for the identification of phases present. Samples in the as-polished condition were examined in a Supra 55VP SEM with an HKL Technology Channel 5 EBSD system. Imaging was accomplished using a KE Development forward scatter detector positioned low on the EBSD phosphor screen [Ref. 4] . Microstructural imaging was also accomplished using band contrast, which is a measure of the relative contrast of the diffraction bands in a single EBSD pattern and can allow clearer delineation between grains within a phase than standard secondary or backscattered electron signals. The sample surface was tilted to 70° relative to the horizontal and analysis was completed at an accelerating voltage of 20 kV, a beam current of 2-3 nA, and a working distance of 13 mm. The acquired patterns were indexed against published crystallographic data [Ref. 5] to accurately distinguish between the face centered cubic (FCC) structure of austenite and the body centered cubic (BCC) of ferrite. Maps were created using a step size ranging from 0.05 µm-0.2 µm depending on the minimum size of the features of interest in a given field of view. Mild levels of post processing were used to fill in unindexed pixels in the orientation maps shown here.
A limited transmission electron microscopy (TEM) study was also conducted on metallographic cross sections using the Focused Ion Beam (FIB) milling technique on an FEI DB235 system and thinned to electron transparency in situ. The samples were then removed and placed on a carbon film for insertion into an FEI Technai F30 equipped with an EDAX thin window spectrometer.
Compositional mapping of Fe, Co, and V was accomplished using a 300kV accelerating potential.
RESULTS AND DISCUSSION
Grain Size Refinement
Transformation Temperatures
The results of the transformation temperature determinations for the two heats of 49Fe-49Co-2V alloy are shown in Figure 5 , and the critical temperatures derived from these tests are summarized in Table 3 . Over the range of rates examined, the transformation temperatures are not strong functions of heating or cooling rate. There are, however, appreciable differences between the two heats in terms of the finish temperature for the on-cooling transformation to ferrite, with Heat 98985 exhibiting significantly lower finish temperatures than Heat 87456. Given the close similarity between the compositions, Table 1 , and starting grain sizes of the two heats, the reasons for this difference are not readily apparent. 2  891  841  5  935  959  5  894  841  10  939  965  10  891  843  25  941  970  25  889  832  50  938  976  50  892  833   98984  5  942  965  5  890  802  10  936  966  10  884  797  25  937  972  25  885  796  50  937  977  50  885  788 As noted above, the transformation temperatures shown in Table 3 provided the initial basis for the temperature limits applied in the grain refinement experiments. Initial temperature limits were 825 and 970°C, but as testing progressed these limits were further adjusted and refined.
Grain Refinement Temperature Cycling
A typical dilatation (strain) versus temperature profile for a cyclic experiment is shown in Figure  6 . The example shown is for 20 cycles between 600 and 1000°C at heating and cooling rates of 10 °C/sec. For this experiment, as well as the others listed in Table 2 , there is little or no change in either the on-heating or on-cooling transformation temperatures as a function of the number of cycles. However, it is apparent that there is an overall increase and then decrease in the sample diameter (with the sample being slightly larger in diameter after the final cycle than initially). This change is also evident in Figure 7 , which shows data from the same test plotted as strain and temperature as a function of time. This overall growth and contraction was highly variable depending on the details of the cycling, with some tests showing continuous growth as a function of the number of cycles. The data of Figure 7 can be interpreted as shown in Figure 8 , which shows in greater detail the strains associated with the various ferrite (!) and austenite (") thermal expansion (or contraction) as well as the strains associated with transformations between the two phases. It is interesting to note that, as shown in Figure 9 , the secondary constituent is not homogeneously distributed within the microstructure. In particular, Figure 9 (a) shows that the features initially occur in banded groups (moving generally from the upper left to the lower right of the figure) . The spacing between the bands is on the order of that expected for macrosegregation during ingot solidification, and it is therefore likely that the banding is associated with the segregation of V during original ingot casting at the producer. This characteristic of the secondary constituent, however, was not investigated further.
For a given cycling temperature range and cycling rate, the amount of second phase increases monotonically with the number of cycles as shown in Figure 11 . Higher resolution SEM images of the secondary constituent are shown in Figure 12 . Although the phase is small, electron diffraction analyses indicted that the secondary constituent is bodycentered cubic (ferrite or martensite). The constituent is distributed both within the ferrite matrix and occasionally along grain boundaries as shown by the arrows in the figure. In addition, there is substantial substructure visible within the constituent. The substructure implies the possibility that the constituent is martensitic in character. However, given the similar crystallography and unit cell dimensions between ferrite and low carbon martensite in Fe-Co-V alloys, the transformation mechanism cannot determined by measurement of the unit cell dimensions or simple observations of substructure. The nature of the secondary constituent and the transformation mechanisms by which it forms are discussed in more detail below. Further characterization of the secondary constituent was conducted by using TEM analysis. In this case, electron transparent TEM samples containing regions of the secondary constituent were extracted by using FIB techniques. The sample selected for this analysis had received 20 cycles between 825 and 1000°C at 10 °C/sec. The results of the compositional analysis are shown in Figure 13 and Table 4 . The compositional analyses indicate that, relative to the matrix, the secondary constituent is slightly enriched in Co and significantly enriched in V. Secondary constituents of this type have not been widely observed or reported in the literature. However, a similar phase has been observed and characterized by Bennett and Pinnel in a series of papers [Refs. [6] [7] [8] . In this case, the phase is a non-equilibrium BCC ferrite, denoted as ! 2 by these investigators, and was formed during intercritical annealing in the two phase ! 1 (disordered equilibrium ferrite) + " (austenite) region of the phase diagram. The ! 2 apparently forms from the " (i.e. " # ! 2 ) during subsequent fast or intermediate rate cooling from the two-phase region, as was done in the current work. It is interesting to note that Pinnel and Bennett [Ref. 8] indicate good mechanical properties, and in particular ductility, for ! 1 + ! 2 microstructures. Based on microstructural evidence, Mahajan et. al. [Ref. 7] speculated that the " # ! 2 transformation proceeds by either a massive or martensitic mechanism, though they were not able to positively confirm either. Nevertheless, the substructure within the ! 2 regions in Figure 12 is consistent with their observations. The similarity in overall microstructure, composition, and substructure of the secondary constituent in the current work with those of the ! 2 described by Bennett and Pinnel [Refs. [6] [7] [8] leads to the conclusion that the secondary constituent in the present study is ! 2 , a non-equilibrium BCC (ferrite) phase. This further implies that in the present cycling experiments partitioning of V occurs relatively rapidly to the remaining " during cooling through the two phase region, thereby forming ! 1 plus a V-rich " (assuming that the microstructure is fully " at the peak temperature). This latter assumption is supported by the observation that increasing the peak cycling temperature did not appear to significantly affect the formation of the secondary constituent.
Based on this assessment, the interpretation of the events during the cooling portion of the thermal cycling shown in Figure 8 can be modified slightly as shown in Figure 14 . In this modification, it is postulated that during the cooling through the transformation temperature range in each cycle, as ! 1 nucleates and grows, the remaining " progressively increases in V content (denoted by " V ). This enrichment process is consistent with the phase diagrams developed by Bennett and Pinnel [Refs. [6] [7] [8] . Stabilization (in a non-equilibrium sense) of the " V is presumed to occur because of the increasing stability of " on cooling with increasing V content (i.e. the " solvus temperature decreases with increasing V) and the decreasing mobility of V with decreasing temperature. Moreover, as the V content of the " V increases above 3 wt%, with subsequent cycles, " is stabilized to low temperatures [Ref. 6] . Since the measured V content of the ! 1 is near 4 wt% (Table 4 ) " V is thus stabilized to low temperature. The amount of " V is thought to increase during each cycle because of an imbalance in the manner in which V is redistributed during the transformation(s) on cooling and the transformation(s) and homogenization on heating. Further evidence for the increasing stabilization of the " V during cycling (and hence the increasing fraction of ! 2 at room temperature with increasing number of cycles, Figure 11 ) can be seen in a series of tests conducted by using dynamic intercritical peak temperatures. In this case, the dynamic intercritical temperature range is considered to be the temperature range, at the heating rate of interest, over which the transformation to " occurs. As shown in Figures 6 and 8 , at 10 °C/sec the bulk of the transformation occurs rapidly over a very small temperature range (approximately 5°C) and as a result, such experiments are difficult to conduct. Nevertheless, comparison of the contraction during the ! # " (or during later cycles the ! 1 # " + " V ) as a function of the number of cycles is informative. Figure 15 shows the contraction associated with the on-heating transformations for several samples heated to different peak temperatures within the dynamic intercritical temperature range and for clarity only the first and final (20 th ) cycles are shown. The selected peak temperatures vary only by 5°C , but they nevertheless capture a suitable range in terms of the amount of " formed on the first cycle. For each of the tests shown in Figure 15 , the amount of austenite formed, as inferred from the magnitude of the contraction, on the first heating cycle is significantly greater than the amount formed on the final cycle. This observation implies that the bulk of the ! (i.e. the ! 1 ) is increasing in stability on heating. Since the " solvus temperature increases with decreasing V concentration in 49Fe-49Co-2V alloys, this increasing stability of the ! 1 is consistent with the progressive decreases in the V content of the ! 1 . This is essentially the compliment of the process described above for the increased stability of " V on cooling.
It is interesting to note that the " V # ! 2 transformation, which must occur on cooling (at least during the final cooling cycle), is not readily evident in any of the dilatation records. As shown in Figure 10(b) , the volume fraction of ! 2 is substantial in many of the samples and thus it would normally be expected that the transformation would be visible as a discrete expansion or slope change in the strain versus temperature record. The initial heating and final cooling cycle for the sample of Figure 10 (b) test is shown in Figure 16 . Although there is some structure in the cooling curve at temperatures near 700°C, a similar slope change is also observed in the initial heating cycle. Since the order-disorder trans formation occurs near this temperature, it is likely that the slope change in both dilatation curves is the result of the order-disorder transformation and is not germane to the " V # ! 2 transformation. Thus, the lack of other discrete changes in the dilatation curve would imply that the " V # ! 2 transformation occurs gradually with cooling, rather than abruptly. In their microstructural study of the ! 2 constituent, Mahajan et. al. [Ref. 7] , was unable to determine if the transformation proceeded by either a martensitic or massive mechanism since the microstructure appeared to contain evidence of both mechanisms. As shown in Figure 17 , the current work has employed EBSD analysis which allows the orientations of all the BCC variants within a single grain to be studied. In Figure 18 , pole figures from the BCC ! 2 constituent in Figure 17 are compared with pole figures calculated for the Kurjumov-Sachs (K-S) orientation relationships and it is apparent that the ! 2 forms with all of the crystallographic variants associated with the K-S orientation relationships. This orientation relationship between austenite and ferrite is commonly associated with either martensite formation or a diffusive transformation [Ref. 9] , while massive transformations do not have orientation relationships between the parent and the product phases. Thus, the current work clearly does not support the massive transformation mechanism for the " V # ! 2 transformation. Final determination of whether the transformation occurs by a martensitic or diffusional decomposition mechanism, and over what cooling rate ranges either mechanism is operative, would require some additional study. For the cooling rate conditions evaluated here, however, the microstructural and crystallographic evidence strongly supports a martensitic transformation mechanism for the " V # ! 2 transformation. 
Temperature Cycling of Large Samples
Unfortunately, within the time frame of this feasibility study, magnetic and mechanical properties measurements of cycled and grain refined material could not be conducted. In large part, this was due to the scoping nature of the experiments, which were primarily conducted on the small 6.35 mm diameter Gleeble samples that are not amenable to magnetic or mechanical properties measurement. Perhaps more importantly, however, the unexpected observation of the formation of the ! 2 constituent and the large number of experiments that were initiated attempting to understand and control this constituent precluded the evaluation of properties. Initial evaluations of methods to transformation cycle samples that are suitable for magnetic and mechanical properties tests were, however conducted. These tests were largely successful, and should resources for future studies in this area become available, they are discussed here since they serve as the basis for the production of suitable test samples.
A variety of sample configurations and test conditions were evaluated in an attempt to maximize the sample volume while maintaining a suitable size and shape for the removal of magnetic test core laminations. The most successful of these was the hollow cylindrical sample configuration shown in Figure 4 . A series of still images extracted from a video record of a Gleeble test using this sample design is shown in Figure 19 . The sample was held by a compression load between water cooled Cu platens. A range of compressive loads was used, but it was observed that a minimum of 4450 N (1000 lb f ) was needed in order to ensure even heating around the circumference of the sample and to maximize the heating and cooling rate. The compressive load imparts a stress of about 6.9 MPa (6.3 ksi), but does not incur plastic deformation of the test sample at the peak temperatures evaluated. The configuration and test conditions were found to be capable of linear heating and cooling rates of at least 10°C/sec, which is comparable to the rate used for most of the testing on the smaller rod samples in this study.
The images of Figure 19 illustrate that there is a temperature gradient along the length of the test sample. This gradient is a characteristic of resistance heating and is common to all Gleeble thermal cycling. It should also be noted that the images indicate that the hot zone is shifted toward the left side of the reduced section. This shift is a consequence of the fact that in its current configuration, cooling water flows from the right hand platen to the left platen. Since the electrical current required to heat a sample of this size is relative high, the cooling water exiting the right side platen is effectively preheated prior to entering the left platen. This imbalance can easily be rectified in future studies by flowing the cooling water in parallel, rather than series, through the jaws. In order to characterize the position, length, and uniformity of the hot zone, a number of tests using multiple thermocouples were conducted. These tests indicated that the length of the uniformly heated (± 10°C) zone provides sufficient material for the fabrication of magnetic test core samples.
SUMMARY AND IMPLICATIONS
In this study, we have conducted an initial examination of one potential route for producing ultrafine grain sizes in an important soft magnetic alloy. The approach was based on a known method for the production of very fine grain sizes in steels, and consisted of rapid and repeated thermal cycling through the ferrite to austenite phase transformation temperature range.
The results of this initial attempt to produce highly refined grain sizes in 49Fe-49Co-2V were successful in that appreciable reductions in grain size were observed. The grain refinement appears to saturate after approximately ten cycles at a grain size of 6 µm. The results were, however, complicated by the formation of an unexpected secondary ferritic constituent and considerable effort was directed at characterizing this phase. The analysis indicates that the phase is a V-rich ferrite, known as ! 2 , that forms due to partitioning of V to the remaining " during the cooling phase of the cycle. Considerable effort was also directed at understanding the conditions under which this phase forms, since it is conceivable that this phase restricts the degree to which the grains can be refined. This effort included examination of numerous cyclic minimum and maximum temperatures, as well as a range of heating and cooling rates within the range where grain size refinement can be realized. The range of conditions was also constrained by the desire to insure that they be achievable in actual practice for real applications. In any case, the phase was observed to exist under all cycling conditions that were examined. Clearly, in the time frame associated with this feasibility study, an exhaustive search for possible conditions that preclude ! 2 formation could not be accomplished. Nevertheless, on the basis of what is now known about this phase, it is important to consider what options might be available should additional work be undertaken in the future.
Since it is believed that the phase forms because of an imbalance in the manner in which V is redistributed during on-cooling and on-heating transformations, it seems likely that unbalanced heating and cooling rates during each cycle may provide one means for controlling its formation. In particular, because the V partitions to the remaining " during cooling and this segregation is apparently not reversed during subsequent heating, it appears likely that higher rates during cooling coupled with lower rates during heating might offset this imbalance. To a first approximation, the relative rates of cooling and heating would be essentially a ratio of the rates of V diffusion in ferrite and austenite in the temperature of interest, i.e. rate of V diffusion in ferrite during the on cooling transformation versus the rate of V diffusion in austenite during the on heating transformation as well as any heating above this temperature. Roughly speaking, temperatures of interest for V diffusion in ferrite would appear from Table 1 to be 830-890°C, while the temperature for of interest for V diffusion in austenite would be near 970°C and above. Based on data for the diffusion of V in Fe [Ref. 10] , it would appear that the cooling rates would have to be on the order of 15-20 times faster than the heating rates in order to offset the imbalance in V diffusion. Clearly, this estimate is extremely approximate, but nevertheless provides at least a starting point to guide experimentation should continued evaluation be possible. Unfortunately, since it is the heating rate that must be slow relative to the cooling rate, the possibility of grain growth in both the ferrite and austenite during heating may negate any potential refining due to cycling. From Table 3 it is apparent that there are differences in the transformation temperatures between the two available heats, so that the effect of composition on refinement should also be evaluated. In addition, deformation during the cycling could also be used to affect the progress of the transformations and the level of grain refinement.
Another potential but related method that could be examined in future evaluations is the use of extremely high rates during the cooling portion of the cycle, so that the diffusional transformation of " to ! 1 + " V is superceded by a martensitic transformation. 49Fe-49Co-2V alloys with a uniform V concentration of 2 wt% throughout the " require, however, rapid quenching (iced-brine even in moderate section sizes), so this approach may be difficult to accomplish in practical situations. In any case, it is clear that there are a number of potential areas that require investigation, but extensive experimentation is likely required to achieve dramatic grain refinement and sub-micron grain sizes.
Although it was not possible in the time frame of the study to measure either the magnetic or mechanical properties directly, the refinement in grain size is expected to have a positive effect on both strength and toughness. However, given the presence of the ! 2 constituent, it is also important to consider what effect the ! 2 might have on these properties. In their study of intercritically annealed 49Fe-49Co-2V alloys, Pinnel and Bennett [Ref. 8] observed ductile fracture with appreciable necking for all ! 1 + ! 2 two phase microstructures independent of phase fractions or vanadium content. From this observation, it is surmised that the microstructures developed in the current cycling study would also exhibit ductile behavior. Pinnel and Bennett [Ref. 8] also conducted tensile tests on material aged at 600°C, and while the strength increased, elongation to failure did not appear to be reduced. Necking was not observed in aged material, however, and the material failed by brittle cleavage after only uniform elongation. This was attributed to both crystallographic ordering and fine, stable " precipitates formed by decomposition of the ! 2 . The magnetic property results of Pinnel and Bennett [Ref. 8] , are difficult to interpret with respect to the current study, however. This difficulty is primarily a result of the fact that they were not attempting to optimize soft magnetic properties, but rather were attempting to produce hard magnetic materials. We thus, unfortunately, do not have any reasonable basis for estimating the effects of the temperature cycling, grain refinement, and ! 2 formation on magnetic properties. At this stage in the development cycled and grain refined 49Fe-49Co-2V alloys, therefore, the magnetic characteristics of the microstructures developed in this study must be considered unknown.
